Protein phosphoaspartate bonds play a variety of roles. In response regulator proteins of two-component signal transduction systems, phosphorylation of an aspartate residue is coupled to a change from an inactive to an active conformation. In phosphatases and mutases of the haloacid dehalogenase (HAD) superfamily, phosphoaspartate serves as an intermediate in phosphotransfer reactions, and in P-type ATPases, also members of the HAD family, it serves in the conversion of chemical energy to ion gradients. In each case, lability of the phosphoaspartate linkage has hampered a detailed study of the phosphorylated form. For response regulators, this difficulty was recently overcome with a phosphate analog, BeF 3 ؊ , which yields persistent complexes with the active site aspartate of their receiver domains. We now extend the application of this analog to a HAD superfamily member by solving at 1.5-Å resolution the x-ray crystal structure of the complex of BeF 3 ؊ with phosphoserine phosphatase (PSP) from Methanococcus jannaschii. The structure is comparable to that of a phosphoenzyme intermediate: BeF 3 ؊ is bound to Asp-11 with the tetrahedral geometry of a phosphoryl group, is coordinated to Mg 2؉ , and is bound to residues surrounding the active site that are conserved in the HAD superfamily. Comparison of the active sites of BeF 3 ؊ ⅐PSP and BeF 3 ؊ ⅐CeY, a receiver domain͞response regulator, reveals striking similarities that provide insights into the function not only of PSP but also of P-type ATPases. Our results indicate that use of BeF 3 ؊ for structural studies of proteins that form phosphoaspartate linkages will extend well beyond response regulators. P rotein phosphorylation plays critical roles in cellular control. Phosphorylation of aspartate residues is central to the function of two large protein families, response regulators and the haloacid dehalogenase (HAD) superfamily of hydrolases (1, 2) .
Response regulators and their cognate histidine kinases constitute two-component systems (3) , which dominate signal transduction in bacteria and are also present in archaea, microbial eukarya, and higher plants. Response regulators have in common a homologous regulatory module of Ϸ120-aa residues called a receiver domain. Receiver domains have an (␣͞␤) 5 fold and an active site defined by a quintet of highly conserved residues composed of three aspartates, a lysine, and either a threonine or a serine. Phosphorylation of the active site aspartate residue in a receiver domain is coupled to a conformational change that regulates the function of its output domain or downstream target protein. CheY, the central regulator of bacterial chemotaxis, is a well-studied response regulator. When phosphorylated, this single domain protein, which can also be described as a receiver domain, binds to the FliM protein in the basal body of the flagellum to reverse the direction of flagellar rotation (4, 5) .
For many years, the lability of phosphoaspartate linkages in receiver domains limited structural studies to their unphosphorylated inactive forms. Recently, several structures of activated receiver domains were obtained by using a variety of means to overcome the problem of lability (6) (7) (8) (9) (10) . Among these, formation of a complex with BeF 3 Ϫ , which yields an excellent aspartyl phosphate mimic, appears to be a simple general solution (11) . BeF 3 Ϫ readily forms persistent activated complexes with many response regulators, regardless of the half-lives of their phosphorylated states.
Members of the HAD superfamily of hydrolases have diverse functions (12) (13) (14) . Although 2-haloacid dehalogenase, the founding member of this large protein family, does not catalyze hydrolysis of phosphorylated substrates or depend on a divalent cation, most other members do. For example, the phosphotransferase subgroup includes several phosphatases, among them phosphoserine phosphatase (PSP), and some phosphomutases. The subgroup of P-type ATPases serves in transport of cations across biological membranes (15) (16) (17) . Phosphoenzyme intermediates have been detected among the phosphotransferases of the HAD superfamily (14, 18 -20) and are known to form during the catalytic cycle of P-type ATPases (1, (15) (16) (17) . In both cases, phosphorylation requires a divalent cation, normally Mg 2ϩ , and occurs at a conserved aspartate residue. In addition, there is biochemical evidence that vanadate binds to phosphatases and phosphomutases in the HAD superfamily (19, 21) and that vanadate, beryllof luoride, and aluminum f luoride, all of which can act as phosphate analogs, bind to P-type ATPases (22) (23) (24) (25) (26) (27) (28) .
The core catalytic domains of HAD family phosphotransferases and P-type ATPases share the same quintet of highly conserved residues found in receiver domains (12, 29) , although a circular permutation is required to align the primary sequences of members of these two large families (29) . High-resolution crystal structures of HAD superfamily members [haloacid dehalogenases from Pseudomonas sp. YL and Xanthobacter autotrophicus GJ10 (30, 31) , the Ca 2ϩ -ATPase from rabbit sarcoplasmic reticulum (32) , and PSP from Methanococcus jannaschii (33) ] indicate that the catalytic domains of these proteins form a typical ␣͞␤ Rossmann fold that is similar to that in CheY (29) . The quintet of conserved residues noted above surrounds the active site, as it does in receiver domains. These commonalities led to proposals of a common reaction mechanism for the formation of the phosphoaspartate bond (12, 29) . They also raise the question of whether BeF 3 Ϫ might yield a persistent aspartyl phosphate analog in members of the HAD superfamily and thus facilitate structural studies of their conformations during catalysis.
We now report the structure of BeF 3 Ϫ complexed with PSP from the hyperthermophile M. jannaschii. NMR spectroscopy and biochemical studies indicated that BeF 3 Ϫ binds to the active site of PSP in solution and forms a tight persistent complex. Crystals of the complex, grown under conditions optimized by NMR spectroscopy, yielded a structure of BeF 3 Ϫ ⅐PSP at 1.5-Å resolution. This allowed detailed definition of the active site and comparison of the overall structure and arrangement of active site residues to those in BeF 3 Ϫ ⅐CheY.
Materials and Methods
Protein Samples and NMR. PSP from M. jannaschii was expressed and purified by using methods previously described (33 N fast heteronuclear single quantum correlation (FHSQC) spectra were collected on an AMX 600 NMR spectrometer (Bruker Instruments, Billerica, MA).
Crystallization. PSP was concentrated to 54 mg͞ml in a buffer containing 20 mM Tris⅐HCl, pH 7.5, 0.3 M NaCl, 1 mM EDTA, and 10 mM DTT. Crystals were grown by using the hanging drop vapor diffusion method with seeding. Concentrated NaF, BeCl 2 , and MgCl 2 were added to the protein sample to final concentrations of 54 mM, 10.8 mM, and 90 mM, respectively. (CAU-TION: Beryllium is toxic and immunogenic. Exercise care in its handling.) One microliter of this sample was then mixed with 1 l of the reservoir well solution containing 0.1 M sodium acetate buffer at pH 4.5, 0.2 M sodium phosphate dihydrate, and 22% polyethylene glycol 2000 monomethylether (PEG2K MME). Microseeding was performed 1 h after the drop was set up. Crystals appeared within 12 h and reached a maximum size of 0.3 ϫ 0.5 ϫ 0.5 mm. The concentration of PEG2K MME was then raised to 30% to stabilize the crystals.
Data Collection and Structure Refinement.
A crystal from the crystallization drop was used directly for cryocrystallography data collection. X-ray diffraction data were collected at the Advanced Light Source (Lawrence Berkeley National Laboratory, Berkeley, CA) beam line 5.0.2 by using an Area Detector System Quantum 4 charge-coupled device detector placed 130 mm from the crystal. The data were processed by using the programs DENZO and SCALEPACK (34) . X-ray data statistics are shown in Table 1 .
The protein part of a previously determined PSP structure was used for initial rigid-body refinement to obtain a preliminary model (33) . An electron density map calculated from this model clearly showed densities consistent with the f luorine atoms of a BeF 3 Ϫ that is bound to Asp-11 with a berylliumoxygen bond distance of 1.55 Å. This density was used to build the beryllof luoride aspartate residue into the model that was further refined against data up to 1.5 Å by using the programs CNS (35) and O (36) . The noncrystallographic symmetry constraints and restraints were completely released during the refinement. Ten percent of the data were randomly picked for free R-factor crossvalidation. The refinement statistics are shown in Table 1 .
Phosphoserine Phosphatase Assay. The hydrolytic activity of PSP was measured at the desired temperature by the release of Pi from L-phosphoserine and is expressed as pmol Pi͞min͞pmol PSP. Assays were performed in triplicate in mixtures (50 l) containing 20 mM Tris⅐Cl (pH 7.5), 1 mM MgCl 2 , 5 mM L-phosphoserine, and different amounts of PSP. NaF (5 mM), BeCl 2 (100 M), AlCl 3 (100 M), or combinations were included in the mixture for inhibition assays. The reaction was stopped after 10 min by adding 5 l of 0.2 M EDTA and placed on ice. The amount of inorganic phosphate released was determined with an EnzChek Phosphate Assay Kit (Molecular Probes).
Results

Inhibition of PSP Activity by BeF 3
؊ and Other Phosphate Analogues.
Like phosphorylation, BeF 3 Ϫ activates various response regulators (10, 11) . If BeF 3 Ϫ yielded an aspartyl phosphate analog in PSP, it would inhibit the activity of the enzyme by preventing substrate binding and͞or formation of the phospho-PSP intermediate. At 50°C, the hydrolytic activity of PSP (100 nM) from M. jannaschii (840 Ϯ 20 units) was markedly inhibited (Ͼ95%) in the presence of both BeCl 2 and NaF. The latter was provided at concentrations that yield predominantly BeF3 Ϫ in situ. Either BeCl 2 or NaF alone had a much smaller inhibitory effect (35 or 20%, respectively) . Similar inhibition by BeF 3 Ϫ was observed at room temperature or at 70°C (data not shown), the temperature at which the thermostable PSP from M. jannaschii showed maximum activity (33) .
At 50°C, PSP activity (840 units, as above) was also inhibited in the presence of AlCl 3 and NaF (Ͼ85 vs. 30% in the presence of AlC l3 alone), which should generate predominantly AlF 3 and AlF4 Ϫ in situ (37) . Likewise, AlF x yields an aspartyl phosphate analogue in response regulator CheY, activating it in a manner similar to phosphorylation or formation of a BeF 3 Ϫ complex (D.Y. and H.C., unpublished results). Orthovanadate, another phosphate analogue, inhibited the activity of M. jannaschii PSP (data not shown), as it did the activity of the human enzyme (21). The major difference among these phosphate analogs is the difference in their coordination geometries (37) (38) (39) . Beryllofluoride yields a tetrahedral ground state analog of phosphate, whereas aluminum fluoride and vanadate often yield planar complexes that are analogues of phosphate during the transition state for transfer or hydrolysis. N FHSQC spectra, we could readily determine that BeF 3 Ϫ formed a persistent complex with PSP. As BeF 3 Ϫ was added, many resonances doubled (Fig. 1) . The lack of broadening of crosspeaks indicated that the dissociation rate of BeF 3 Ϫ ⅐PSP complexes was slow (Յ10 sec
Ϫ1
)
. Surprisingly, addition of BeF 3 Ϫ to PSP changed the chemical shifts (crosspeak positions) of most of the backbone amides. By contrast, formation of BeF 3 Ϫ complexes of receiver domains changed the chemical shifts of the amides near the active site but of fewer farther away (10, 11) ; the latter effects occurred as a consequence of propagated conformational changes.
The FHSQC spectra provided a convenient means of optimizing conditions for quantitative conversion of PSP to BeF 3 Ϫ ⅐PSP complexes. Unfortunately, PSP could not be maintained in a phosphorylated state long enough to collect data for the phosphoenzyme intermediate (data not shown).
Crystal Structure of BeF 3
؊ ⅐PSP. In the crystal structure of BeF 3 Ϫ ⅐PSP ( Fig. 2A) , the active site in the core ␣͞␤ domain is covered by the four-helix bundle domain. BeF 3 Ϫ is bound to Asp-11 in the ␣͞␤ domain, which is the site of phosphorylation (14) and is surrounded by the sidechains of residues that are highly conserved in the HAD superfamily of proteins. The overall protein structure is very similar to a recently solved structure of PSP containing a phosphate (PO 4 2Ϫ ) in the active site (33) .
Active Site of BeF 3
؊ ⅐PSP. In M. jannaschii PSP, the quintet of conserved residues found in HAD family members that form a phosphoaspartate intermediate are: Asp-11, the site of phosphorylation, Ser-99, Lys-144, Asp-167, and Asp-171. With the exception of Ser-99 to Thr, mutational change of any of the corresponding residues in human PSP dramatically decreased catalytic efficiency (40) . These conserved residues come together in the active site to bind BeF 3 Ϫ and the essential divalent cation Mg 2ϩ (Fig. 2B) . The Asp 11-O␦1 is bound to beryllium with an O-Be distance of 1.5 Å. Asp-11-O␦2, along with a fluorine, Asp-13-C ϭ O, Asp-167-O␦, and two water molecules occupy the six coordination sites of Mg 2ϩ . Ser-99-O␥ forms a hydrogen bond with BeF 3 Ϫ . Lys-144-N forms salt bridges with BeF 3 Ϫ and Asp-171-O␦1. Asp-171-O␦2 forms hydrogen bonds with the backbone amides of Asp-167 and Gly-168. These two hydrogen bonds appear to stabilize the conformation of the backbone around Asp-167 such that the Asp-167 sidechain is restrained to a position that allows it to coordinate Mg 2ϩ (see Discussion). Spectra were recorded at 308 K and pH 6.5.
Fig. 2. Ribbon diagram of BeF 3 Ϫ ⅐PSP (A) and stereoview of the active site (B).
Ball-and-stick representations of the sidechain carbon, nitrogen, and oxygen atoms are colored green, blue, and red, respectively. In A, the sidechains of highly conserved active site residues, Asp-11, Ser-99, Lys-144, Asp-167, and Asp-171, are shown in ball-and-stick form. BeF 3 Ϫ (red balls and orange bonds)
is bonded to Asp-11 O␦ in the center of the active site (33) . In B, the 2Fo Ϫ Fc electron density map covering the magnesium (cyan) and fluorine (red) atoms was calculated in the absence of these atoms and is shown contoured at 1. (Fig. 3A) , superposition of the structurally homologous ␤-strand residues of BeF 3 Ϫ ⅐PSP and BeF 3 Ϫ ⅐CheY (41) results in an rms deviation of only 0.6 Å and shows that the core ␤-sheets have a similar curvature (Fig. 3B) . By contrast, the ␣-helices in the ␣͞␤ domains of the two proteins show large differences in position. Comparison of their active sites reveals that the conserved quintet of residues in PSP and CheY chelate BeF 3 Ϫ and Mg 2ϩ similarly and form very similar hydrogen bonds and salt bridges (Fig. 3C) . PSP residues Asp-11, Ser-99, and Asp-167, whose roles are discussed in Results, are functionally and structurally equivalent to CheY residues Asp-57, Thr-87, and Asp-13, respectively. PSP residues Lys-144 and Asp-171 appear to be functionally equivalent to CheY residues Lys-109 and Asp-12, respectively, although these residues originate from different secondary structural elements. Lys-144 (PSP) originates from an ␣-helix, whereas Lys-109 (CheY) originates from a loop; likewise, Asp-171 (PSP) originates from an ␣-helix, whereas Asp-12 (CheY) originates from the C terminus of a ␤-strand. Despite the differences in their position of origin, the amino groups of Lys-144 (PSP) and Lys-109 (CheY) reach comparable positions in the active site and form salt bridges with BeF 3 Ϫ and an aspartate residue, Asp-171 (PSP) and Asp-12 (CheY).
The pairs of functionally analogous aspartate residues Asp-167 and Asp-171 of PSP and Asp-13 and Asp-12 of CheY play surprisingly similar roles in Mg 2ϩ coordination (Figs. 2B and  3C ), despite the fact that they are inverted with respect to one another and separated by different numbers of residues. In PSP, the first residue of the pair in the primary sequence, Asp-167, acts as a direct ligand to Mg 2ϩ , whereas in CheY it is the second, Asp-13. Asp-167 (PSP) and Asp-13 (CheY) are located in similar loops that are stabilized by main chain hydrogen bonds to the other aspartates of the respective pairs, Asp-171 (PSP) and Asp-12 (CheY) (''stabilized Mg 2ϩ chelation loops''). The stabilizing aspartates also form salt bridges to the highly conserved lysine residues, Lys-144 (PSP) and Lys-109 (CheY) and hence are precisely positioned. Remarkably, the aspartate that functions as a direct Mg 2ϩ ligand is not conserved in HAD family proteins that do not require a divalent cation for activity (12, 13) .
Hypotheses Regarding the Function of PSP and the Ca 2؉ -ATPase. The two domains of PSP appear to be in a ''closed configuration'' in the BeF 3 Ϫ ⅐PSP complex (Fig. 2 A) (33) : the helical domain, which presumably participates in binding the substrate phosphoserine, completely shields the active site of the ␣͞␤ domain from solvent. In this closed configuration of PSP, it would be impossible for substrate to enter or product to be released. It is likely that the widespread changes in the N FHSQC spectrum of PSP on addition of BeF 3 Ϫ (Fig. 1) are at least partially caused by a transition of its two domains from a more open to this closed configuration. Such a transition might contribute to a high degree of specificity of the enzyme for phosphoserine (21) , a necessity for the function of an intracytoplasmic phosphatase, and͞or to the poor reversibility of phosphoserine hydrolysis. The closed configuration of BeF 3 Ϫ ⅐PSP presumably mimics one from which phosphate would be hydrolyzed (33) .
Although the Ca 2ϩ -ATPase of rabbit sarcoplasmic reticulum has a much more complicated domain structure than PSP or CheY (32) (Fig. 4A) , there are nonetheless striking parallels among these three proteins. The phosphorylated (P) domain of the Ca 2ϩ -ATPase is structurally homologous to the core ␣͞␤ domain of PSP and to CheY. Asp-703 in the P domain lies in a stabilized Mg 2ϩ chelation loop similar to those of PSP and -ATPase, which binds ATP and delivers its ␥ phosphate to the active-site aspartate in the P domain, has a role related to that of the helical domain of PSP or that of CheA, the cognate histidine autokinase for CheY. The small actuator domain of the ATPase, its third cytoplasmic domain, is unique.
As is the case for CheY and other receiver domains, the P domain of the intact Ca 2ϩ -ATPase can be phosphorylated by acetylphosphate rather than ATP (16, 17, 42) , an activity that presumably does not depend on its N domain. Phosphorylation by either donor acts as a key switch during Ca 2ϩ transport (16, 17, 42 2 , results in occlusion of calcium within the membrane-spanning portion of the protein. In a conformational change(s) that is a rate-limiting step in the catalytic cycle, this intermediate then yields E 2 MgP as a consequence of diffusion of the occluded calcium to lower affinity sites and its release into the lumen of the sarcoplasmic reticulum. Finally, the enzyme is regenerated by dephosphorylation. Because the site of phosphorylation in the Ca 2ϩ -ATPase is more than 50 Å away from the Ca 2ϩ -binding sites (32) , formation of the phosphoaspartate bond must be coupled to a conformational change(s) within the P domain that is propagated to the transmembrane, Ca 2ϩ -binding domain. Given the comparable interactions in the active sites of BeF 3 Ϫ ⅐PSP and BeF 3 Ϫ ⅐CheY (Fig. 3C) , the phosphorylation-induced conformational change within the P domain of the Ca 2ϩ -ATPase is likely to be driven by a mechanism similar to that used in receiver domains. In CheY, this mechanism appears to entail the formation of a hydrogen bond between the hydroxyl group of Thr-87 and aspartyl phosphate (or BeF 3 Ϫ ) and the replacement of a salt bridge between the amino group of Lys-109 and the carboxyl group of the active site aspartate by one to the modified aspartate (6, 7, 10, 43) . Analogies between interactions in the active sites of BeF 3 Ϫ ⅐PSP and activated CheY (Fig.  3C ) provide evidence that Thr-625 and Lys-684, respectively, of the Ca 2ϩ -ATPase form the corresponding hydrogen bond and salt bridge to the phosphoaspartate, as previously postulated (29) . In the structure of the unphosphorylated calciumbound form of the ATPase that has been determined (32), Lys-684 appears to form a salt bridge to Asp-351 that is similar to the salt bridge between Lys-109 and Asp-57 in inactive CheY (44) . However, the sidechains of Thr-625 and Asp-351 are separated by 7.4 Å, a distance that cannot be bridged by a hydrogen bond and a phosphoryl group without a conformational change. As in receiver domains, the movement of the sidechains of Thr-625 and Lys-684 on phosphorylation of Asp-351 might stabilize a conformational change within the P domain of the Ca 2ϩ -ATPase that is propagated into the downstream transmembrane domain. Given that E 1 MgP⅐(Ca 2ϩ ) 2 and E 2 MgP are likely to be extremely difficult to trap for structural work, these hypothetical sidechain movements and the accompanying more extensive conformational changes might best be evaluated by crystallization of the corresponding BeF 3 Ϫ complexes. These would be structurally equivalent to the phosphorylated complexes but persistent.
Use of BeF 3
؊ as a Phosphate Analogue. Originally, BeF 3 Ϫ was used in biochemical and structural studies of G proteins and later of myosin, the F1-ATPase, nitrogenase, and some kinases (38, 39, 45) . In these earlier cases, high-affinity binding of BeF 3 Ϫ required the presence of a purine nucleoside diphosphate (GDP or ADP) in the nucleotide-binding site of the enzyme, and BeF 3 Ϫ served as an analogue of the ␥-phosphate in its ground state. Recently, BeF 3 Ϫ has been used to generate an analogue of aspartyl phosphate in response regulators, providing a convenient and apparently general means of mimicking their active phosphorylated forms (11) . As discussed in this work, we have now extended the use of BeF 3 Ϫ to structural studies of members of the HAD superfamily. The BeF 3 Ϫ ⅐PSP complex mimics a phosphoenzyme intermediate for this enzyme (half-life Յ 0.1 sec at 50°C), which was so labile that the phosphorylation of aspartate could not be confirmed chemically (14) . Biochemical studies indicate that BeF 3 Ϫ forms an aspartyl phosphate mimic in the Ca 2ϩ -ATPase from rabbit sarcoplasmic reticulum (24) . The stable BeF 3 Ϫ -ATPase complex is rapidly disrupted by luminal Ca 2ϩ (24) , and hence it appears to resemble most closely E 2 MgP. Structural analogies between PSP, CheY, and the Ca 2ϩ -ATPase make it likely that BeF 3 Ϫ complexes will be useful in defining the conformational changes that allow P-type ATPases to couple the energy available from ATP hydrolysis to transport of cations (15) (16) (17) 32) .
